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Abstract
The influence of atomic vacancy defects at different concentrations on electronic properties of MoS2
and WS2 monolayers is studied by means of Slater-Koster tight-binding model with non-orthogonal sp3d5
orbitals and including the spin-orbit coupling. The presence of vacancy defects induces localized states
in the bandgap of pristine MoS2 and WS2, which have potential to modify the electronic structure of the
systems, depending on the type and concentration of the defects. It is shown that although the contribution
of metal (Mo or W) d orbitals is dominant in the formation of midgap states, the sulphur p and d orbitals have
also considerable contribution in the localized states, when metal defects are introduced. Our results suggest
that Mo and W defects can turn the monolayers into p-type semiconductors, while the sulphur defects make
the system a n-type semiconductor, in agreement with ab initio results and experimental observations.
PACS numbers: 71.55.Ak, 71.20.Mq, 31.15.aq
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I. INTRODUCTION
Layered transition metal dichalcogenides (LTMDs) have attracted intensive attentions in re-
cent years due to their intrinsic non-zero bandgap, which gives them a superior advantage over
graphene for use in nanoelectronic and optoelectronic applications such as field-effect transistors
and electroluminescent devices1,2. This class of layered materials with chemical composition of
MX2, where M and X correspond to the transition metal and the chalcogen elements, respectively,
crystallizes in a hexagonal structure like graphene in which the M-atom layer is covalently bonded
and sandwiched between the two X-atom layers. Among LTMD materials, MoS2 and WS2 mono-
layers with a direct bandgap configuration have been extensively investigated because of many
intriguing physical and chemical properties3–5. These compounds can be synthesized through
various methods, such as mechanical exfoliation6, chemical vapor deposition7, and intercalation
techniques8. In addition, they have quite similar lattice constants which also enable the synthesis
of MoS2-WS2 heterostructures with minimum interfacial defects9–13.
Point defects such as atomic vacancies may cause a large variation in the electronic and op-
tical properties of LTMDs. Vacancy defects, which can be created by thermal annealing and α
particles14 or electron beam irradiation15, form localized trap states in the bandgap region, leading
to light emission at energies lower than the interband optical transition energy14. On the other
hand, the observed charge mobility in single-layer MoS2 is surprisingly low compared to bulk
sample3,6, indicating that the charge carrier scattering by structural defects, such as vacancies and
grain boundaries, may be a primary source for such a low mobility14,16,17. Hong et al.18 have
studied point defects and their concentrations for several samples of MoS2 by means of differ-
ent preparation methods. They found that the dominant type of point defects in each sample is
strongly dependent on the chosen sample preparation method. Nevertheless, the sulphur vacancy
is the predominant point defect compared to Mo vacancy, regardless of the type of preparation
method.18
The effects of point defects on the electronic structure of LTMDs have also been theoretically
studied by several groups using first principles calculations16,17,19–25 and 6-band tight-binding (TB)
model26. Although, ab initio methods based on density functional theory (DFT) can achieve a
good degree of accuracy to describe the electronic structure of pristine LTMD materials, they are
limited in their application by the presence of defects in the samples. For instance, simulation
of vacancy-doped MoS2 and WS2 monolayers with a random distribution of vacancies requires
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a very large supercell in the calculations which is computationally expensive for DFT methods.
With TB approach which is a simpler and less computationally demanding method, however, it is
possible to deal with such large systems. The use of large supercells within TB model makes it
also possible to eliminate the vacancy-vacancy interactions from the calculations.
After the two-band k · p model describing the conduction and valence bands around the two
valleys (K and K′ points) in the hexagonal Brillouin zone of LTMD27, several TB models in vari-
ous approximations have been proposed to reproduce the first-principles band structure of pristine
LTMD23,28–31. Among them, the TB model of Zahid et al.29, including nonorthogonal sp3d5 or-
bitals of M and X atoms and spin-orbit coupling, is able to accurately reproduce the first-principles
bands for a wide range of energies in the Brillouin zone. The model considers nearest-neighbor
Slater-Koster hopping matrix elements of M-M, M-X, and X-X, which can be applied to mono-
layers, bilayers and bulk MX229.
In this work, based on the parameterized TB model of Zahid et al.29, we explore the influence
of vacancy defects on the electric properties of MoS2 and WS2 monolayers to see how the missing
atoms at different concentrations evolve the intrinsic bandgap and electronic states of the mono-
layers. Since the model presents an accurate description for the band structure of LTMDs, the
application of this model to defective MoS2 and WS2 provides a more realistic understanding of
the electronic states contributing to the process of vacancy formation and the accurate location of
defect states within the bandgap. Moreover, the optimized geometries of the monolayers obtained
by ab initio calculations have demonstrated that atomic vacancies do not cause a considerable
geometry deformation and the neighboring atoms around the vacancies do not show any visible
displacement2,22. Therefore, the defect-induced deformation is ignored. We show that the vacancy
defects mainly induce localized states within the bandgap of pristine MoS2 and WS2, leading to
a shift of the Fermi level toward valance or conduction band, depending on the type of vacancy.
The rest of this paper is as follows. In section II we introduce our model and formalism for calcu-
lation of band structure and electronic states of the defective monolayers. Numerical results and
discussion for electronic properties of MoS2 and WS2 with different types and concentrations of
vacancy defects are presented in Sec. III. A brief conclusion is given in Sec. IV.
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FIG. 1: (Color online) (a) Top view of MoS2 (WS2) monolayer with 3×3 supercells containing Mo (W)
vacancy (blue dotted circles). Numbers 1-6 represent the supercells for which the reference supercell, shown
by 0, has any overlap. (b) Top view of the region around a single S vacancy shown by red dotted circle. (c)
Hexagonal (solid) and rhombic (dotted) Brillouin zones of the monolayer with the red lines along which the
band structures are calculated.
II. MODEL AND FORMALISM
The band structure of defective MoS2 and WS2 is carried out within the non-orthogonal Slater-
Koster scheme32. From DFT calculations29, we know that the bands of both structures are made
up of the s, p, and d valence orbitals of Mo, W, and S atoms. Therefore, a basis set consisting
of s, px, py, pz, dxy, dxz, dyz, dx2−y2 , d3z2−r2 orbitals is used as a starting point for constructing
the TB Hamiltonian. This means that for a monolayer MX2 with one M atom and two X atoms
per unit cell, we should consider a 27-band TB spinless model. Moreover, a Bloch sum is taken
into account for each atomic orbital on each atomic site in the unit cell due to the periodicity of
the monolayer. On the other hand, in order to model a defective MX2 monolayer with different
vacancy concentrations the system is partitioned into n×n supercells each containing n2 unit cells
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where n is an integer number. Figs. 1(a) and 1(b) show such a monolayer with 3×3 supercells
each containing a single vacancy defect. Since all the valence orbitals of the atoms belonging to
the supercell are included in the atomic orbitals basis set, the number of bands increases with the
size of the supercell. The total Hamiltonian of MX2 monolayer can be written as
H = HSK ⊗ 1 +HSO , (1)
where HSK represents the Slater-Koster tight-binding Hamiltonian for non-orthogonal sp3d5 or-
bitals, 1 is the 2 × 2 identity matrix, and HSO is an atomiclike spin-orbit coupling. HSK has the
same form for both spin-up and spin-down states and can be expressed in the real space as
HSK =
∑
i,j
∑
α,β
(ǫiαδijδαβ + tiα,jβ)d
†
iαdjβ , (2)
where d†iα is the creation operator for an electron in an atomic valence orbital α at i-th atom, ψiα,
with on-site energy ǫiα. The hopping parameters, tiα,jβ = 〈ψiα|HSK|ψjβ〉, between atomic orbitals
ψiα and ψjβ are real Slater-Koster integrals that depend for each orbital pair on the directional
cosines of the vector connecting nearest neighbors and on the Slater-Koster TB parameters Vssσ,
Vspσ, Vpsσ, Vppσ, Vpppi, Vsdσ, Vdsσ, Vpdσ, Vdpσ, Vpdpi, Vdppi, Vddσ , Vddpi , and Vddδ for MoS229 and
WS233. These parameters are related to hopping processes between nearest-neighbor Mo-S (W-S),
between the nearest-neighbor in-plane Mo-Mo (W-W), and between the nearest-neighbor in-plane
and out-of-plane S-S atoms in MoS2 (WS2) monolayer. The hopping terms between next nearest
neighbors are ignored in this model.
The intra-atomic spin-orbit interaction acting on both the transition metal and the chalcogen
atoms is incorporated in the Hamiltonian via the second term in Eq. (1) which is written as31,
HSO =
∑
i
∑
σσ′
λi
2~
Li · τσσ′ , (3)
where τ are the Pauli spin matrices, Li is the atomic angular momentum operator, and λi is the
intra-atomic spin-orbit coupling constant which depends on the type of atom i. In the presence
of such a spin-orbit coupling, inversion symmetry breaking in the LTMD materials lifts the spin
degeneracy of the energy bands, leading to a strong spin-splitting in the valence-band maximum
(VBM)27.
Within the non-orthogonal scheme, the orbital overlap Siα,jβ = 〈ψiα|ψjβ〉 obtained from Slater-
Koster parameters, can be non-zero. Therefore, the band structure of the system is calculated by
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FIG. 2: (Color online) (a) The calculated band structure with the projection of spin operator and corre-
sponding partial DOS of pristine (a) MoS2 and (b) WS2 monolayers. The blue and red colors in the band
structure indicate the spin-up and spin-down states, respectively. The hollow circles correspond to DFT
calculations37,40,41. The intersection of white and yellow regions shows the Fermi energy.
solving the generalized eigenvalue problem:
H(k)Cα(k) = EαS(k)Cα(k) , (4)
where Cα(k) denotes the eigenvector of the band α and k is an allowed wave vector in the two-
dimensional Brillouin zone, shown in Fig. 1(c). Note that the size of Hamiltonian H(k) and
overlap, S(k), matrices (including spin), which is the same as the size of H and S in the real
space, is equal to 2N×2N , where N is the number of basis orbitals per supercell and 2 is for spin.
In the absence of vacancy defects, the size of these matrices, including the spin-orbit interaction for
a monolayer with 3× 3 supercells, is 486× 486. To introduce a single vacancy defect, we remove
one atom from the supercell while the symmetry of the lattice remains intact34. This reduces the
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number of atomic orbitals in each supercell and hence the size of matrices.
The Hamiltonian and overlap matrices in the discrete version of Bloch’s theorem35 can be
written as
H(k) =
6∑
m=0
H0me
ik·(rm−r0) , (5)
S(k) =
6∑
m=0
S0me
ik·(rm−r0) , (6)
where m is the supercell index and the summation runs over all neighboring supercells including
the reference supercell, as shown by 0 in Fig. 1(a). Because of the periodicity of the lattice
in Fig. 1(a), the result is independent of the reference unit cell that we choose. The Green’s
function of MX2 monolayer is defined by G(ǫ,k) = [(ǫ+ iδ)S(k)−H(k)]−1 where δ is a positive
infinitesimal. Accordingly, the local density of states (DOS), ρσiα(ǫ), for an electron with spin σ in
an atomic orbital α at site i in the supercell can be obtained directly from the Green’s function of
the MX2 monolayer through36
ρσiα(ǫ) = −
1
π
Im
∑
k
[G(ǫ,k)S(k)]σ,σiα,iα . (7)
Therefore, the partial DOS of an atomic orbital α in the unit cell is simply given as ρα(ǫ) =
∑
i,σ ρ
σ
iα(ǫ).
III. RESULTS AND DISCUSSION
We now use the method described above to study the influence of single vacancy defects on
electronic properties of MoS2 and WS2 monolayers. First, we discuss the TB band structure
and partial DOS of the pristine monolayers in the presence of spin-orbit interaction and their
consistency with DFT calculations. It should be mentioned that for more quantitative agreement
between our TB results and fully-relativistic ab-initio DFT calculations27, we include the spin-orbit
coupling between Mo d orbitals, instead of p orbitals and only between W d orbitals, instead of
p and d orbitals used in Ref. 29. The fitted spin-orbit parameters, the valence-band spin-splitting
values, and the band gaps obtained in this way are presented in Table I. The bandgap values of 1.80
eV for MoS2 and 1.98 eV for WS2 and the valence band spin-orbit splittings, obtained using this
method, are in good agreement with DFT9,29,37 and experimental values38. Note that the single-
layer WS2 has a larger bandgap because the crystal field splitting of the metal d states, which is
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larger in W compared to Mo, is responsible for a large part of the bandgap39. In addition, the
valence band spin-splitting in WS2 is almost three times larger than that in MoS2, which makes
the observation of valley and spin Hall effect easier in WS227.
TABLE I: The fitted values of spin-orbit parameters, λi, for Mo, W, and S atoms; the spin-splitting of the
VBM, ∆SO; and the values of bandgap, Eg. All quantities are in units of eV.
λi,Mo/W λi,S ∆SO Eg
MoS2 0.130 0.057 0.154 1.80
WS2 0.422 0.057 0.449 1.98
Figs. 2(a) and 2(b) show the electronic structure with the projection of spin operator and the
corresponding partial DOS of MoS2 and WS2 monolayers, respectively. We see that both mono-
layers have a direct bandgap at the two inequivalent corners K and K′ of the Brillouin zone (Fig.
1(c)). The spin splittings in the band structures along Γ-K-M and Γ-K′-M lines are opposite which
lead to valley-selective optical absorption and may cause optically induced valley and spin Hall
effects27. Comparing the band structures with that given in Refs. 37, 40, and 41 clearly shows the
quantitative agreement between TB and DFT results (see hollow circles in Fig. 2). From the par-
tial DOS of pristine monolayers one can see the contribution of each type of atomic orbitals to the
formation of energy bands. The conduction-band minimum (CBM) and the VBM of MoS2 (WS2)
are mostly dominated by Mo (W) d orbitals and S p orbitals, in agreement with DFT37. Moreover,
the inclusion of S 3d orbitals in our model leads to a nonzero contribution to the electronic states
which is comparable to S 3p orbitals in the conduction band.
To study atomic vacancy defects, the monolayer is partitioned into supercells and one atom
from each supercell is removed without any change in the symmetry of the lattice (see Fig. 1(a)).
We have examined several supercell sizes (3×3, 4×4 and 5×5) to reveal the strength of vacancy-
vacancy interaction on the localized midgap states. Note that in the supercell calculations, as the
supercell grows in size, the corresponding Brillouin zone in the k-space shrinks and the bands in
the original (normal) Brillouin zone get folded into the supercell Brillouin zone. In other words,
if the supercell is n times larger than the normal cell, the Brilouin zone of the supercell will be n
times smaller and will contain n times more bands.
Now, let us consider metal vacancies at different concentrations in MoS2 and WS2 monolayers.
In Fig. 3, we show the band structure and the corresponding partial DOS of MoS2 when a Mo
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FIG. 3: Calculated band structure and corresponding partial DOS of MoS2 monolayer with (a) 3×3, (b)
4×4, and (c) 5×5 supercells each containing a single Mo vacancy. The intersection of white and yellow
regions shows the Fermi energy.
vacancy is introduced. Since each supercell contains only one atomic vacancy defect, the size of
supercell manifests itself as a measure of defect concentration. Accordingly, the Mo defect con-
centration per supercell in Fig. 3(a)-3(c) is 1
27
,
1
48
, and 1
75
, respectively. The defect concentrations
represent the ratio of number of vacancies to the number of atomic sites per supercell which corre-
spond to vacancy densities of ∼ 12.8×1013, 7.2×1013, and 4.6×1013 cm−2, respectively. We see
that at high vacancy concentration, i.e., 1
27
, the defect states form a band in the middle of the gap,
whose width is ∼ 0.73 eV (see Fig. 3(a)). The midgap band creates defect states with three peaks
in the DOS spectrum arising from neighboring Mo 4d orbitals and S 3p and 3d orbitals around
the defect. In addition, the vacancy defect induces a sharp peak at the top of the valence band
(Fig. 3(a)), corresponding to S 3p orbitals, which shifts toward lower energies as the concentration
decreases. The midgap band splits into two bands centered around Fermi level of pristine MoS2 as
shown in Fig. 3(b). These bands become more localized at concentration 1
75
(Fig. 3(c)) indicating
that gap states generated by Mo vacancies are mainly localized around atomic defects, in agree-
ment with Ref. 26. It is important to point out that the position of Fermi energy is determined by
counting the number of electrons that the atoms in the supercell provide. These electrons fill up
the lowest energy bands and hence, the Fermi level lies between the highest occupied band and
the lowest unoccupied band.
We now consider the effect of metal vacancies on electronic structure of WS2 monolayer at
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FIG. 4: The calculated band structure and corresponding partial DOS of WS2 monolayer with (a) 3×3, (b)
4×4, and (c) 5×5 supercells each containing a single W vacancy. The intersection of white and yellow
regions shows the Fermi energy.
different defect concentrations, as shown in Figs. 4(a)-4(c). The band structure of Fig. 4(a)
shows two midgap bands in their close proximity, located below the Fermi energy of the pristine
monolayer. These bands form a single narrow band with three peaks in the partial DOS, associated
with localized states around the defects as the concentration decreases (see Fig. 4(b) and 4(c)). We
see that the midgap states originate mainly from W 5d orbitals and S 3p and 3d orbitals, indicating
that the contribution of S 3d orbitals could be considerable in the electronic structure of LTMD
when metal vacancies are introduced in the system. Moreover, contrary to the electronic structure
of defective MoS2 with Mo vacancies, the induced sharp peak at the top of the valence band,
corresponding to the S 3p orbitals, is not shifted down in energy as the distance between point
defects in WS2 monolayer increases. This reveals a strong hybridization between sulphur atoms,
and hence, localization of S 3p states around W defects.
Comparing Fig. 3 with Fig. 4, we find that the Fermi energy in both MoS2 and WS2 monolayers
is shifted down in energy by the presence of metal vacancies. This suggests that the Mo/W point
defects can make the system a p-type semiconductor, in agreement with DFT results42. Moreover,
the defect states of WS2 are closer to VBM than that of MoS2 monolayer, indicating that the WS2
monolayer may act as a more efficient p-type semiconductor than MoS2, when the metal vacancies
are induced.
Let us study the influence of chalcogen defect on the electronic structure of the monolayers.
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FIG. 5: The calculated band structure and corresponding partial DOS of MoS2 monolayer with (a) 3×3,
(b) 4×4, and (c) 5×5 supercells each containing a single S vacancy. The intersection of white and yellow
regions shows the Fermi energy.
Figs. 5 and 6 show the band structures and the partial DOS of MoS2 and WS2 monolayers, re-
spectively, when a single sulphur vacancy (Fig. 1(b)) is created per supercell. From Fig. 5(a)
it is evident that at high defect concentration, the sulphur vacancies induce a midgap band with
bandwidth ∼ 0.6 eV in the vicinity of the VBM, indicating that the defect states tend to be more
delocalized due to the interaction between S vacancies. The midgap band manifests itself as de-
fect states with three peaks in partial DOS which become more localized as the concentration
decreases (Figs. 5(b) and 5(c)). In addition, there is a flat band just below the MoS2 CBM which
does not change notably with the concentration changes. The Mo 4d orbitals around the vacancies
play the main role in creation of midgap states, while the S 3p and 3d orbitals do not contribute
considerably to the defect states of gap region. The presence of sulphur vacancy shifts the Fermi
level to the bottom of the conduction band due to unsaturated electrons in the Mo orbitals around
the vacancy defect. This property suggests that sulphur vacancies can turn the MoS2 monolayers
into a n-type semiconductor in agreement with theory and experiment3,42–44.
On the other hand, the electronic band structure of WS2 monolayer in the presence of sulphur
vacancies with concentration 1
27
shows a narrow band with bandwidth ∼ 0.15 eV in the gap region
(Fig. 6(a)). In this case the contribution of W 5d orbitals and S 3p and 3d orbitals in generation
of midgap states are almost the same, as shown in the partial DOS of Fig. 6(a). As the size of the
supercell increases, the defect state in the bandgap becomes more localized around the vacancy
11
FIG. 6: The calculated band structure and corresponding partial DOS of WS2 monolayer with (a) 3×3,
(b) 4×4, and (c) 5×5 supercells each containing a single S vacancy. The intersection of white and yellow
regions shows the Fermi energy.
region and the contribution of W 5d states dominates in the localized state as can be seen in the
DOS of Figs. 6(b) and 6(c). The defect state which acts as a donor level, lies about 0.6 eV
below the CBM, in agreement with the DFT result22, indicating that at a high enough temperature
some of the localized charges can be transferred to the CBM and therefore increase the system
conductivity. Accordingly, we conclude that the sulphur vacancies act as electron donors and make
the both MoS2 and WS2 monolayers electron rich. Besides the monosulphur vacancies, the effect
of two neighboring sulphur (disulphur) vacancies on the same side of the monolayers, and also on
different sides of the monolayer, but on top of each other per supercell on the electronic properties
of the layers was also examined (not shown here). Our TB calculations showed an additional shift
of Fermi level toward conduction band with an increase in the number of localized states in the
bandgap. The experimental observations have demonstrated that these disulphur vacancies are less
probable to create, due to their formation energy which is roughly twice of that of the monosulphur
defect15,18.
Comparing the localized donor states and the Fermi energy in Figs. 5 and 6, it is clear that the
n-type semiconducting behavior in MoS2 is more dominant than that in WS2, when the sulphur
vacancies are introduced. This feature is in agreement with the recent experimental observation
of electronic properties of MoS2-WS2 heterostructures, indicating that both MoS2 and WS2 act as
n-type semiconductors with relatively high Fermi level in MoS2 as compared to WS211.
12
To show the advantage of our tight-binding method over first-principles calculations, we have
also studied the vacancy defects in the 11×11 supercells which correspond to vacancy concentra-
tion of ∼ 9.5×1012 cm−2. The electronic structure of both MoS2 and WS2 monolayers with such a
low concentration of sulphur and metal defects are shown in Fig. 7. Due to this low density of de-
fects, the vacancy-vacancy interaction is quite negligible and hence the midgap states are strongly
localized. Comparing Fig. 7 with Figs. 3-6, we see that the p-type and n-type semiconduct-
ing behaviors in these defective monolayers are not affected by the value of defect concentration.
Therefore, it is evident that this size of supercell is computationally trivial for our tight-binding
scheme, but extremely expensive for DFT methods.
It is important to point out that the calculation of spin-dependent density of states in the close
proximity of sulphur and metal defects did not show any spin polarization, indicating that in the
present approximation, the single S, Mo, and W vacancies do not induce any magnetic moments.
Finally, we would like to emphasize that the agreement between the results of our Slater-Koster
tight-binding model and the first-principles calculations in predicting p-type and n-type semicon-
ducting behaviors is related to the accuracy and reliability of fitted parameters which provide us
a more accurate description of the band structures, as shown in Fig. 2. Accordingly, our method
is not only able to clearly demonstrate the electronic band structure of defective MoS2 and WS2
monolayers, but also is very computationally affordable and can be easily generalized to study
very large systems with a random distribution of single defects and other types of vacancies such
as MoS double vacancies, MoS2 triple vacancies and antisite defects2,18.
IV. CONCLUSION
Using Slater-Koster tight-binding model with non-orthogonal sp3d5 orbitals and including the
spin-orbit coupling, we have explored the effect of atomic vacancies on electronic structure of
MoS2 and WS2 monolayers. The vacancy defects mainly create localized states within the bandgap
of pristine MoS2 and WS2, along with a shift in the Fermi energy toward VBM or CBM. As a
result, the electronic properties of these monolayers are strongly affected by the introduction of
atomic defects. Our results show that metal vacancies have potential to make the monolayers
p-type semiconductors, while the sulphur vacancies turn the system as a n-type semiconductor.
Localization of midgap states by decreasing the defect concentration in both metal and chalco-
gen vacancies suggests that point defects in MoS2 and WS2 can act as resonant scatterers45,46.
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FIG. 7: The calculated band structure of MoS2 and WS2 monolayers with 11×11 supercells each containing
a single atomic defect. (a) MoS2 with Mo vacancies, (b) WS2 with W vacancies, (c) MoS2 and (d) WS2
with S vacancies. The intersection of white and yellow regions shows the Fermi energy.
Moreover, the vacancy-induced localized states have the potential to activate new optical transi-
tions with energies less than energy gap in their optical spectrum, suggesting a potential application
of LTMDs for optoelectronic devices.
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